Abstract Praziquantel is an anthelmintic widely used in the treatment of schistosomiasis. Although a highly permeable drug, praziquantel is poorly soluble in water, limiting its bioavailability. Improving the solubility of poorly watersoluble drugs has become an important issue for analysis in pharmaceutical research. The use of dextran hydrogels is an advantageous strategy and the focus of extensive research. In this study, several hydrogels were developed from homologous polymer blends using 70 and 148 kDa dextrans in different proportions containing praziquantel, with the aim of evaluating the effects of polymeric release systems on the solubility of poorly water-soluble drugs such as praziquantel. Nine formulations were prepared, and the solubility of the drug incorporated was assessed. Three of the formations were selected to be characterized by DSC for the study in order to gain a better understanding of the thermal behavior of praziquantel incorporated into dextran hydrogels and the influence of polymers on the solubility of the drug, complemented by XRD and SEM techniques. According to the results, formation of crystallites of praziquantel occurred, probably due to the preparation procedures of the formulations, covering the surface of the polymer matrix and promoting a slight improvement in solubility.
Introduction
Praziquantel (PZQ) is a broad spectrum anthelmintic drug, the only product commercialized for the treatment and preventive chemotherapy of all forms of schistosomiasis. This disease is one of the most damaging and prevalent neglected tropical diseases and affects areas such as Africa, Asia and Latin America, infecting around 230 million people and placing a further 600 million at risk of infection [1] [2] [3] [4] [5] . The drug is classified as class II in the biopharmaceutical classification system (BCS), under which drugs are ranked into four different classes according to their aqueous solubility and gastrointestinal permeability. Thus, praziquantel is characterized by high membrane permeability and low aqueous solubility, exhibiting erratic or incomplete absorption leading to poor bioavailability [1, 5, 6] . Moreover, high doses should be administered to ensure a sufficient concentration for the drug to reach its target of action. Its high liposolubility and first-pass metabolism after oral administration renders PZQ a less effective substance in combating the parasite [3, 7] .
Dissolution of the drug under physiological conditions is determined by its aqueous solubility. Thus, drug solubility is critical to the therapeutic efficacy of a pharmaceutical product, regardless of its route of administration. Controlled drug delivery systems have long been the focus of extensive research to overcome problems of poorly water-soluble drugs [8, 9] . A strategy investigated for this purpose that has yielded technological advances for the development of delivery systems is the use of polymers in their design [10, 11] . Many drugs formulations have polymers in their composition as excipients, usually polymers of natural origin considered safe in vivo [12] . A group of natural polymers that has probably led to most advances in the development of drug delivery systems technology is the class of polysaccharides, obtainable from various sources such as seaweed, plants, fungi, bacteria, animals and crustaceans [11, 13] . Polysaccharides are hydrophilic, biocompatible, biodegradable, non-immunogenic and non-antigenic. In addition to being safe and stable, these materials have functional groups such as carboxyl, hydroxyl and amino groups, which can be physically or chemically modified to achieve a wide range of properties that may be adapted according to specific needs [12, 14, 15] . Among the various polysaccharides, dextran (DEX) stands out as a bacterial polyanionic carbohydrate that has low protein adsorption and is non-toxic, highly soluble in water, biocompatibility and consists of linear 1,6-glucopyranose units linked with a certain degree of 1,3-branching, found in different molecular weights forming hydrogels [12, [16] [17] [18] [19] .
Hydrogels can be defined as three-dimensional polymeric networks capable of incorporating large amounts of water or biological fluids, while retaining their structure [20] [21] [22] [23] . Polymeric hydrogels have been frequently studied, including dextran hydrogels, because they preserve drugs from harsh environments such as the stomach, and are also able to control the release of drugs [20, 24] . The hydrogels prepared from polysaccharides offer several advantages, including low toxicity, biocompatibility and biodegradability [21] .
Pharmaceutical researchers currently use thermal analysis to solve practical problems encountered, for example, at the pre-formulation stage [25, 26] . A thermoanalytical technique commonly adopted in the pharmaceutical research area is differential scanning calorimetry (DSC), employed in the characterization of drugs, in screening studies of compatibility, purity, stability and polymorphism [27] . This technique was chosen for its several advantages such as speed, the need for only small amounts of sample and ease in identifying interactions, polymorphisms, glass transition and changes in crystalline and/or amorphous states [25] . Among the many uses of thermoanalytical techniques, the study of compatibility between drugs and excipients in pre-formulation is one of the fields in which DSC is widely employed [25, 26] . Although not all interactions, whether physical or chemical, are a sign of incompatibility, they are evidence that an event is taking place between these two components and can be used in planning the development of new devices for controlling the release of drugs [26] .
In previous studies by our research team [28] , dextran 70 kDa hydrogel containing praziquantel was developed and DSC proved important for elucidating and furthering knowledge about the changes in the solubility of praziquantel and the mechanism of drug release. According to DSC curves, a weak interaction between the drug and the polymer was observed, which could lead to slightly lower solubility, influence the swelling profile and, consequently, prolong praziquantel release [28] . Drawing on the data obtained, the aim of this study was to evaluate the possibility of an improvement in solubility of the poorly water-soluble drug. For this purpose, several hydrogels were developed from homologous polymer blends, utilizing 70 kDa dextran (DEX-70) and 148 kDa dextran (DEX-148), containing praziquantel, which were subsequently characterized and assessed for praziquantel solubility. 
Materials and methodology

Methodology
Preparation of hydrogels and physical mixture
The incorporation of praziquantel into hydrogels (HG) was achieved by the solvent casting process, as in the method developed by Campos [28] . Briefly, PZQ was dissolved by stirring in a water-ethanol solution at a ratio of 7:5 (ethanol: water). The dextrans were then added separately under stirring. First, DEX-70 was added and, after its solubilization, DEX-148 was then added and solubilized. Subsequently, these mixtures were placed in a freezer at -5°C for 24 h. After this period, the samples were left to dry by freeze-drying for over 24 h. 
Determination of praziquantel content
The content of PZQ incorporated into the formulations was determined by adding a proportional mass of sample (polymer ? drug) that contained 50 mg of drug. These samples were initially solubilized in 10 mL ethanol. An aliquot of 1 mL diluted with 10 mL of water was then taken and the amount of PZQ determined by UV spectrometry at 263 nm. The experiment was performed in triplicate and the results expressed as mean values.
Solubility assays
The solubility of the incorporated PZQ in water was determined by dispersing aliquots of hydrogels containing 10 mg of PZQ in 10 mL of water, according to the approach adapted from work carried out by Nepal et al. [29] and Vippagunta et al. [30] . These samples were stirred for 24 h, centrifuged at 3400 rpm for 10 min and the amount of dissolved PZQ determined by UV spectrophotometry at 263 nm. The experiments were performed in triplicate and results expressed as mean values.
Differential scanning calorimetry (DSC)
For thermal characterization of PZQ, DEX, PZQ/DEX physical mixture and PZQ/DEX hydrogels, a DSC-2910 differential scanning calorimeter (TA Instruments Ò ), capable of operating from room temperature up to 600°C, was employed. DSC curves were obtained from 1.9 to 2.1 mg of samples in aluminum crucibles heated at 10°C min -1 under a nitrogen atmosphere flowing at 25 mL min -1 .
X-ray diffraction (XRD)
The identification of the crystalline structure and/or amorphous forms of PZQ, DEX, PZQ/DEX physical mixture and PZQ/DEX hydrogels was carried out in diffraction patterns obtained from X-ray diffraction on a Siemens Ò model D5000 goniometer at a speed of 0.05/min under CuKa radiation (k = 1.5406 Å ) and scanning X-ray wide angle 2h from 4°to 60°. The average crystallite size of praziquantel in the hydrogels based on XRD data was obtained using Scherrer's Eq. (1), according to work carried out by Abdullah and Khairurrijal [31] and Uvarov and Popov [32] .
where D is a measure of crystal size in nanometers, K is the Scherrer constant, whose value used in calculations was 0.9, k is the X-ray wavelength, b is the peak width (full width of half maximum: FWHM) expressed in radians, and h is the angle of the peak, chosen for the calculation that is usually the most intense. In this case, the most intense peak was that approaching an angle of 20°.
Scanning electron microscopy (SEM)
Microscopic analysis of PZQ, dextrans, physical mixtures and hydrogels was performed using a JEOL JSM-7500F Field EMISION SEM/Analytical Field Emission SEM electron microscope. Samples were prepared on a metal stub with an adhesive and coated under vacuum with gold. The images were taken at a magnification of 10009.
Results
Preparation of hydrogels
Hydrogels have been extensively studied as drug delivery systems. One use of hydrogels in drug delivery is for enhanced dissolution of the pharmaceuticals and consequent improvement in their bioavailability. Poorly watersoluble drugs that can benefit from this application include praziquantel as well as many other class II drugs. These drugs are characterized by having high permeability in the gastrointestinal tract, but being poorly soluble in physiological fluids whose main component is water. Therefore, these drugs have low bioavailability, impairing drug action and requiring the use of larger doses to achieve therapeutic plasma levels. Dextran is a non-toxic, safe, biocompatible, biodegradable, hydrophilic polymer for forming gels, making it ideally suited for use in hydrogels. Hydrogels were prepared according to the methodology used in previous work. Drug and polymer were solubilized in a hydroalcoholic solution and then submitted to a solvent casting process [28] . In this process, the ethyl alcohol helps in solubilization of the drug and affects the crosslinking process of the polymer, contributing to the occurrence of weak molecular interactions between the polymer chains. The water, on the other hand, facilitates hydrogel formation and incorporation of the drug, concluding the process of obtaining formulations [28] . Thus, it can be seen that the process of obtaining hydrogels was successful, proving a practical, inexpensive and efficient method of achieving this type of drug delivery system. Figure 1 shows the values obtained in the assays. It can be seen that the 1:1:1 and 1:3:2 formulations had the highest concentration of drug incorporated of 0.63 and 0.57 mg mL , respectively. The 1:1:2 and 1:3:1 formulations were found to have similar concentrations. However, at some of the high concentrations of praziquantel found in samples 1:2:1 and 1:2:3, concentrations lower than the theoretical drug content (0.5 mg mL -1 ) of 0.41 and 0.40 mg mL -1 , respectively, were evident.
Determination of praziquantel content
The 1:1:1 formulation was selected to evaluate the solubility of praziquantel, serving as a minimum parameter regarding the effects of the proportion of polymers on the biopharmaceutical and physicochemical properties. Conversely, the 1:2:2 sample was selected to assist studies of the maximum parameter. In addition, hydrogels 1:1:2, 1:1:3, 1:2:1 and 1:3:1 were selected and helped determine the influence of a higher proportion of dextrans 70 and 148 kDa on the properties of the drug. Figure 2 shows the results obtained in solubility studies of PZQ for different samples. The solubility of PZQ was 0.26 mg mL -1 and served as a parameter to assess the influence of polymeric carriers on this drug property. Figure 2 depicts an increase in solubility of hydrogels. All hydrogel samples showed a significant solubility increase in relation to free drug and physical mixtures. However, special attention should be paid to the formulations HG 1:2:1 and HG 1:2:2, which incorporated PZQ concentrations of 0.38 and 0.37 mg mL -1 , respectively, representing an increase of about 0.12 mg mL -1 . By contrast, the physical mixture of the same proportions exhibited drug concentrations of 0.27 mg mL -1 for PM 1:2:1 and 0.17 mg mL -1 for PM 1:2:2, confirming substantial improvement in PZQ solubility.
Solubility assays
Given these results, the HG 1:2:1 and HG 1:2:2 samples were selected for use, along with their physical mixtures, as parameters. Moreover, the HG 1:1:1 sample was selected for a comparative parameter as regards the amount of polymer relative to drug and, thereby, evaluated the influence of polymer amount on dissolution of the drug and its profile.
Differential scanning calorimetry (DSC)
DSC curves for amorphous dextrans 70 and 148 kDa (Fig. 3a) showed augmented endothermic peaks at approximately 50 and 39°C, respectively. These events are attributed to evaporation of weakly bound water entrapped in the polymer chains, which have a large number of hydroxyl groups, as reported by Stenekes et al. [33] and Zhang and Chu [34] . Loss of water avoids the plastificant effect and increases the strength of the interactions between polymer chains due to hydrogen bonds involving hydroxyl groups. These interactions were responsible for the high glass transition temperature (T g ) of dextran of over 220°C.
In Fig. 3b , praziquantel exhibits a sharp endothermic peak at 141.07°C, evidencing its crystalline nature and proving that this was the drug since the temperature corresponds to the melting point of the drug [35] [36] [37] [38] .
Figure 3b also shows the DSC curves of the physical mixtures and PZQ. Notably, physical mixtures showed a broad endothermic peak similar to that observed in the polymers, an indication of the presence of weakly bound water that evaporated during the DSC procedure. Furthermore, a long endothermic sharp peak is evident at 141°C in all physical mixtures, indicating the presence of praziquantel without major changes, since the peak is not shifted significantly relative to that observed for free PZQ. Also in Fig. 3b , a broad endothermic peak can be seen in the hydrogel samples. Again, this broad peak is attributed to the presence of water molecules bound within the polymer. A praziquantel endothermic peak can also be observed. Table 1 shows the expected and found enthalpies for the samples of hydrogels and physical mixtures. A reduction in the amount of energy required to break the crystals was observed for praziquantel samples compared with the free drug. 
Concentration of Incorporated
Praziquantel/mg mL -1 X-ray diffraction (XRD) Figure 4 shows the XRD patterns of praziquantel, dextrans, physical mixtures and hydrogels. A wide range of small peaks visible in Fig. 4a indicate the presence of amorphous material in the case of dextran [39] . In Fig. 4b , PZQ exhibits a crystalline structure, evidenced by the narrow and intense peaks at approximately 6°and 8°, plus a series of peaks between 10°and 25°, as observed by Cheng et al. [40] and Passerini et al. [1] . Also in Fig. 4b , there is a difference between the XRD patterns of the physical mixtures and hydrogels. The average crystallite size of praziquantel in hydrogels was calculated by the Scherrer equation. The average size of PZQ crystals was 80.06 nm, while the crystallites of physical mixtures PM 1:1:1, PM 1:2:1 and PM 1:2:2 measured 198.74, 54.25 and 393.79 nm, respectively. The HG 1:1:1 hydrogel had an average crystallite size of 33.78 nm and HG 1:2:1 a size of 58.65 nm. However, the size of the crystallites of the HG 1:2:2 sample could not be determined, probably due to the high amount of polymer, where the peak chosen proved almost imperceptible in the XRD pattern of the sample (Fig. 4) . Figure 5 shows SEM photomicrographs of praziquantel, dextrans, physical mixtures and hydrogels at a magnification of 10009. The differences between these, physical mixtures and hydrogels, are evident. The PZQ has a crystalline form found in clusters in the form of small prisms (Fig. 5a) , as observed by Cheng et al. [39] . DEX-70 is in the form of spherical particles that are amorphous in nature ( Fig. 5b) , while DEX-148 shows a similar structure to flakes, also amorphous in nature (Fig. 5c ). In Fig. 5d -f, deposition of crystals adhered to the surface of the polymer particles can be observed. In Fig. 5g -i, clear signs of change in the characteristics of PZQ and dextrans can be noted.
Scanning electron microscopy (SEM)
Discussion
Initial analysis of the solubility data (Fig. 2 ) reveals a significant increase in solubility in all samples of hydrogels compared to PZQ and physical mixtures, most prominent in HG 1:2:1 and HG 1:2:2 formulations. In both these cases, results indicate that PZQ has possibly undergone a change in its crystal structure. Analysis of the DSC curves (Fig. 3) shows that as the proportion of polymer increases, the heat flow decreases, i.e., less energy is used to melt PZQ. This indicates, therefore, the formation of crystallites, a fact confirmed by the results observed in X-ray diffraction (Fig. 4) . The XRD patterns for hydrogels show weaker peaks than the free drug, being indicative of decreasing drug crystal size. This decrease is supported by the results obtained by the Scherrer equation used to determine the size of PZQ crystals in hydrogels based on XRD data. A reduction in praziquantel crystal size was observed when incorporated in the polymeric matrix of hydrogels. The HG 1:2:2 sample remained the most noteworthy because it was not possible to determine the size of its crystals, probably due to the large amount of polymers and very small crystals that were ultimately well incorporated into the matrix. Furthermore, these data confirm the assumptions based on the DSC curves. Other data confirming DSC results include the SEM photomicrographs (Fig. 5 ). These depict a polymer matrix filled and covered with fine PZQ crystallites which becomes more perceptible as the ratio of the polymers increases, as exemplified by HG 1:2:1( Fig. 5h ) and HG 1:2:2 ( Fig. 5i) . These changes most likely occurred due to the influence of the procedure for obtaining hydrogels, which served to reduce the energy required to disrupt PZQ crystals and influenced the increase in solubility of the drug. Moreover, the smaller, well-dispersed crystals formed favored surface contact, thereby increasing the solubility of PZQ. A similar effect was observed by Torres, Torrado and Torrado [36] who, in their study of solid dispersions, prepared PZQ/PVP and noted the formation of lamellar structures of PVP-containing filaments identified as PZQ crystals, which showed an increase in solubility of the drug, particularly for the 1:5 formulation. Thus, it can be assumed that the greater the amount of both polymers, the smaller the PZQ crystals become.
Further key information obtained from the DSC curves is given in Table 1 . The temperature peak, onset temperature, as well as found and expected enthalpies for PZQ mass present in the samples can be observed. The low enthalpies indicate a change in the crystal structure of praziquantel for crystallites that are probably dispersed in the polymer matrix, supporting the hypothesis based on the DSC curves. As noted in previous work conducted by Campos et al. [28] , molecules in PZQ crystals are firmly linked to each other by strong intermolecular bonds, whereas in hydrogels and physical mixtures these bounds are weaker. This is due to the wider separation of PZQ molecules in the polymeric network of dextran. Therefore, the amount of energy required for fusion of the hydrogels containing PZQ is lower than for the free drug [28] . Thus, it can be inferred that this reduction in PZQ peak, and consequently in the amount of energy required for melting to occur, is due to the formation of crystallites, which ultimately may have influenced the solubility of the drug in the hydrogels, as observed in the solubility assay. 
Conclusions
Thermal analysis by DSC was found to be a powerful tool for the characterization of hydrogels and for compatibility studies between drug and polymers, proving a rapid and reliable method for use in scientific research within the pharmaceutical field. From the results obtained, it can be affirmed that the crystallites are formed by the procedure employed for obtaining the hydrogels and that their smaller size and consequent greater surface area improved solubility compared to PZQ crystals in their natural form and to other formulations containing a single polymer presented in our earlier study [28] .
